A series of four new analogue phases Ca 2 M 2 X (M = Pd, Pt and X = Al, Ge) were prepared by direct combination of the respective elements in stoichiometric mixtures at high temperature in order to analyze the impact of valence electron count (vec) and electronegativity differences (Δχ) on the structure selection and stability. Their crystal structures, as determined from single-crystal X-ray diffraction data, correspond to two different but closely related structure types. The first compound, Ca 2 Pd 2 Ge (I), is an unprecedented ternary ordered variant of the Zr 2 Al 3 -type (orthorhombic, Fdd2). The three other phases, Ca 2 Pt 2 Ge (II), Ca 2 Pd 2 Al (III) and Ca 2 Pt 2 Al (IV), adopt the Gd 2 Ge 2 Al-type structure (monoclinic, C2/c). All title structures feature linear chains of the noble metals (Pd or Pt). The Pd linear chains in I are undistorted with equidistant Pd···Pd atoms, whereas the metal chains in II-IV are pairwise distorted, resulting in short connected {Pd 2 } or {Pt 2 } dumbbells that are separated by longer M···M contacts. The occurrence and magnitude of the pairing distortion in these chains are controlled by the vec and the Δχ between the constituent elements, a result which is supported by analysis of the calculated Bader effective charges. The metal chains act as charge modulation units, critical for the stability and the electronic flexibility of the structures by an adequate adjustment of the metal-metal bond order to both the vec and the degree of charge transfer. Thus, Ca 2 Pd 2 Ge (28 ve/f.u) is a Zintl-like, charge optimized phase with formally zerovalent Pd atoms forming the undistorted metal chains; semimetallic properties are predicted by TB-LMTO calculations. In contrast, the isoelectronic Ca 2 Pt 2 Ge is predicted to be a good metal with the Fermi level located at a local maximum of the DOS, a fingerprint of potential electronic instability. This is due to greater charge transfer to the more electronegative Pt atoms forming the metal chains and probably to packing frustration in the well packed structure that may prevent a larger distortion of the Pt chains. However, the instability is suppressed in the aliovalent but isostructural phases Ca 2 M 2 Al (27 ve/f.u) with an enhancement of the pairing distortion within the metal chains but lower M-M bond order. Further reduction of the vec as in Ca 2 M 2 Cd (26 ve/f.u) may induce a transition toward the more geometrically flexible W 2 CoB 2 -type with a low dimensional structure, to create more room for a larger distortion of the metal chain as dictated by the shortage of valence electrons. ABSTRACT: A series of four new analogue phases Ca 2 M 2 X (M = Pd, Pt and X = Al, Ge) were prepared by direct combination of the respective elements in stoichiometric mixtures at high temperature in order to analyze the impact of valence electron count (vec) and electronegativity differences (Δχ) on the structure selection and stability. Their crystal structures, as determined from single-crystal X-ray diffraction data, correspond to two different but closely related structure types. The first compound, Ca 2 Pd 2 Ge (I), is an unprecedented ternary ordered variant of the Zr 2 Al 3 -type (orthorhombic, Fdd2). The three other phases, Ca 2 Pt 2 Ge (II), Ca 2 Pd 2 Al (III) and Ca 2 Pt 2 Al (IV), adopt the Gd 2 Ge 2 Al-type structure (monoclinic, C2/c). All title structures feature linear chains of the noble metals (Pd or Pt). The Pd linear chains in I are undistorted with equidistant Pd···Pd atoms, whereas the metal chains in II−IV are pairwise distorted, resulting in short connected {Pd 2 } or {Pt 2 } dumbbells that are separated by longer M···M contacts. The occurrence and magnitude of the pairing distortion in these chains are controlled by the vec and the Δχ between the constituent elements, a result which is supported by analysis of the calculated Bader effective charges. The metal chains act as charge modulation units, critical for the stability and the electronic flexibility of the structures by an adequate adjustment of the metal−metal bond order to both the vec and the degree of charge transfer. Thus, Ca 2 Pd 2 Ge (28 ve/ f.u) is a Zintl-like, charge optimized phase with formally zerovalent Pd atoms forming the undistorted metal chains; semimetallic properties are predicted by TB-LMTO calculations. In contrast, the isoelectronic Ca 2 Pt 2 Ge is predicted to be a good metal with the Fermi level located at a local maximum of the DOS, a fingerprint of potential electronic instability. This is due to greater charge transfer to the more electronegative Pt atoms forming the metal chains and probably to packing frustration in the well packed structure that may prevent a larger distortion of the Pt chains. However, the instability is suppressed in the aliovalent but isostructural phases Ca 2 M 2 Al (27 ve/f.u) with an enhancement of the pairing distortion within the metal chains but lower M−M bond order. Further reduction of the vec as in Ca 2 M 2 Cd (26 ve/f.u) may induce a transition toward the more geometrically flexible W 2 CoB 2 -type with a low dimensional structure, to create more room for a larger distortion of the metal chain as dictated by the shortage of valence electrons.
■ INTRODUCTION
The rich diversity of compositions, structures, bonding, and properties of intermetallic compounds provides fascinating physical properties with widespread applications in electronics, engineering, and catalysis. 1−4 But unlike ionic solids, the small electronegativity difference among constituent elements of intermetallic compounds frequently thwarts a rational prediction of their structures and compositions. 5−9 Even more challenging is to establish relationships between their crystal structures and the observed physical properties. 10−13 For a large class of compounds between s-block "active" metals and posttransition p-block elements, the Zintl−Klemm concept, which assumes full transfer of the valence electrons to the more electronegative semimetal, has been used to effectively rationalize their structure-properties relationship. 5−9 The electron transfer concept is purely formal and the fact that it works at all given the magnitude of the charge transfer is because the valence electrons are, in fact, simply assigned to bonding and nonbonding states of the system. 6 Nevertheless, although the Zintl−Klemm concept works very well for maingroup compounds, extension of this concept to transition metals (TMs) has proved to be very challenging. 8,14−19 When included in an intermetallic structure, the TMs often act as electron donor ("cationic") constituents with strong (coordinative like) bonding interactions with the p-block elements, 14, 18, 19 but recent reports have pointed out that some TMs, particularly those with completely filled d orbitals, are electronegative enough to accept electrons from the active metal and, therefore, can be present also as electron acceptor ("anionic") species, thereby acting as pseudo p-block elements.
15 −17 In addition, the intensive studies of polar intermetallics with late-transition metals have also revealed the larger relativistic effects for the heaviest sixth period noble metals and its decisive impact on their bonding, structure, and stability. Some prominent examples of these are the strict site preferences for the same group elements Sb and Bi in the superconducting series Ba 2 Bi 1+x Sb 2−x 20, 21 or between the neighboring elements Hg and Tl in BaHg 2 Tl 2 . 22 Moreover, semiconductivity and transparency, indicating a complete charge separation that is typical of salt compounds, were reported for Cs 2 Pt and CsAu, suggesting the ionic formulations (Cs + ) 2 (Pt 2− ) 23 and (Cs + )(Au − ), 24 respectively, in which the TM anions are stabilized by relativistic effects. 25 Also, linear chains of covalently bonded Pt − anions have been described in BaPt and rationalized as (Ba 2+ )(Pt 
)·e
− by analogy to the metallic Zintl phases. 26 Even more fascinating is the aurideaurate series [AAu] n [A 3 AuO 2 ] (A = Rb, Cs) in which gold atoms occur in both positive and negative oxidation states. 27 In this context, some polar intermetallic compounds with the general formulation R 2 T 2 X 1 or R 2 X 2 T 1 (R = electropositive sor f-block metal), featuring transition metal (T) or post-TM (X) pairs, have attracted much attentions for the investigation of their structure-properties relationships and homonuclear metal−metal interactions. They can be formed by very different atom types and combinations, showing strikingly different bonding features, with direct impact on their physical properties.
28−36 They are described mainly in three groups of structures. The largest group is based upon the tetragonal Mo 2 FeB 2 -type (more than 220 representatives) and ordered U 3 Si 2 -type (or its superstructure Zr 3 Al 2 ), space group P4/mbm (or P4 2 /mnm). 28 This group demonstrates remarkable electronic flexibility, which manifests pronounced effects of the valence electron count on the physical properties.
28−33 The second largest group adopts the orthorhombic W 2 CoB 2 -type (ordered K 2 Au 3 ), 33 −36 space group Immm, and around 60 representatives are reported including the recently described phases Ca 2 Pt 2 Cd and Ca 2 Pd 2 Cd without any p-block element involved. 35 In addition, some TM free phases like RE 2 AlGe 2 (RE = Tb−Tm, Lu) 36 as well as the all main group series Ba 2 Bi 1+x Sb 2−x are also reported. An electron-rich, multicenter bonding model was used to rationalize the bonding in the latter compounds, which are either superconducting or exhibiting charge density wave (CDWs), depending on composition (x value).
20, 21 Finally, the third and last revealed structure model for the 221 formulation is the monoclinic Gd 2 AlGe 2 -or Ca 2 Ir 2 Si-type structure (space group C2/c) with less than 10 representatives. 37−41 With the exception of Gd 2 AlGe 2 , only the formulation R 2 T 2 X is reported in this subgroup, including the series R 2 T 2 In (R = Ca, Sr, Eu; T = Pd, Pt). 41 Quantum 38 In the last two groups, the metal pairs are aligned linearly, in a manner that is reminiscent of a Peierls distortion, but the extent of the pairing distortion is always larger in the orthorhombic W 2 CoB 2 -type than in the monoclinic Gd 2 AlGe 2 -type structure. Nevertheless, analysis of the bonding in Ca 2 Cu 2 Ga has concluded that Peierls-type distortion mechanism is very unlikely in the system. 42 Thus, the exact mechanism of the pairing distortion was still unclear.
As part of our research efforts to investigate the bonding peculiarities of binary and ternary intermetallic phases with noble metals like Pd and Pt, 16−18 we have conducted systematic synthesis of some ternary phases with the formulation Ca 2 M 2 X (M = Pd, Pt and X = Al, Ge). A series of four analogous phases, Ca 2 M 2 Ge and Ca 2 M 2 Al, were uncovered, and they are found to adopt two different, albeit closely related, crystal structures. Ca 2 Pd 2 Ge (I) corresponds to a new structure type in the R 2 M 2 X family (ordered Zr 2 Al 3 -type 43 ), whereas the isoelectronic Pt analogue Ca 2 Pt 2 Ge (II) crystallizes in the monoclinic Gd 2 AlGe 2 -or Ca 2 Ir 2 Si-type structure. 37−40 The two Al phases Ca 2 M 2 Al (III−IV) with one valence electron less are both isotypic to II. Thus, the surprising uniqueness of the structure of Ca 2 Pd 2 Ge (I) in this series is nicely seen cum grano salis, and, therefore, identification of the main driving forces that determine the structural selection between the two competing structure types is of special interest. Both structures are characterized by strong homonuclear metal−metal interactions within the Pd or Pt linear chains, that are either undistorted (I) or pairwise distorted (II-IV). The bonding principles behind the observed similarities and differences between the two related structures have been investigated by first-principles DFT calculations (LMTO and VASP), and they provide clear evidence for the decisive influence of the valence electron count (vec) and the electronegativity difference on the chemical bonding and, in turn, on the structural trends.
■ EXPERIMENTAL SECTION
Synthesis. All starting materials were commercially available elements (ABCR GmbH, Karlsruhe, Germany and, Ames Laboratory, Iowa, USA) that were used as obtained: Ca (granules, 99.5%), Al (block, 99.999%), Pd (60 μ powder, 99.9%), Pt (powder, 99%+), and Ge (50 μ powder, 99.999%). Manipulations of the starting elements and the Ge containing products were accomplished in an argon-filled glovebox with O 2 and H 2 O levels <0.1 ppm (MBraun GmbH, Garching, Germany). The title compounds were synthesized from mixtures of the elements that were loaded in tantalum ampules (30 mm length and Ø: 6 mm) sealed on both ends by arc-melting and, in turn, jacketed in evacuated fused silica tubes to protect the ampules from air oxidation at high temperature.
The four Ge and Al phases Ca 2 M 2 Ge and Ca 2 M 2 Al (M = Pd, Pt) were obtained by the same synthetic procedure: stoichiometric mixtures of the elements (300−400 mg in total) were at first reacted at 1000°C/2 h followed by slow cooling down to 900°C at the rate of 6°C/h, at which point it was further annealed for 24 h, before cooling down to room temperature by switching off the furnace. For Ca 2 Pt 2 Ge, about 50% molar Pt excess appears to be important to avoid competitive formation of Ca 10 Pt 7 Ge 3 . 16 The Al compounds are air-stable but moisture-sensitive, whereas the Ge phases are air-and moisture-sensitive. Ca 2 Pd 2 Ge is moderately air-sensitive and decomposes quite slowly (within days) to form a yellow translucent product, whereas Ca 2 Pt 2 Ge is very air-sensitive and decomposes within a fraction of a minute to yield a fine black powder.
The chemical compositions of the single crystals were confirmed by EDX analysis, and no impurity elements that may result from contamination by either the tantalum ampule or other contaminants were detected.
X-ray Diffraction Studies. Powder diffraction data were collected at room temperature on a Stoe & Cie (Darmstadt, Germany) IPDS diffractometer equipped with an image plate detector and operating in transmission/Debye−Scherrer mode with a Cu−Kα radiation source (λ = 1.54059 Å). Samples were dispersed between acetate films with the aid of a little grease and held in an airtight sample holder with a metal cover seated by screws. The powder diagrams were analyzed using the WinXPow program. 44 Single crystal diffraction data of the Ge phases were collected at ambient temperature on an Oxford Xcalibur3 diffractometer equipped with a CCD detector using Mo−Kα radiation (λ = 0.71073 Å) from an enhanced optic X-ray tube operating at 50 kV and 40 mA and a detector-to-crystal distance of 50 mm. Data integrations and numerical absorption corrections were carried out using the Crysalis software package. 45 Crystals suitable for data collection were picked under a microscope in the glovebox, cut to the desired dimensions, and mounted on the tips of glass fibers using Paratone N oil (HAMPTON Research Inc., USA). Several crystals were checked for singularity before selecting the best ones based on the diffracted spot shapes and distributions. For the Al phases, the data were collected at room temperature on a Bruker SMART CCD diffractometer. The reflection intensities were integrated with the SAINT program in the SMART software package. 46 Empirical absorption corrections were accomplished with the aid of the SADABS program. 46 Structure solutions and refinements were carried out using the SHELXTL software package. Table 1 . The atomic positions and equivalent displacement parameters are provided in Table 2 . Further details on the results of these crystal structure investigations may be obtained from the Fachinformations-zentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247808666; e-mail: crysdata@fiz-karlsruhe.de), on quoting the depository number CSD-421236 for Ca 2 Pd 2 Ge, CSD-421235 for Ca 2 Pt 2 Ge, and CSD-428673 for Ca 2 Pd 2 Al, CSD-428674 for Ca 2 Pt 2 Al.
Electronic Structure Calculations. The electronic structures and chemical bonding of the title compounds were investigated on the DFT level using the tight-binding linear-muffin-tin-orbital (TB-LMTO-ASA) approach and the local-density approximation (LDA) 48 within the program LMTO47c. 48 The radii of the muffintin spheres were determined by an automatic procedure, so that the overlapping potentials should be the best possible approximations to full potentials. 49 The symmetry of the potential is considered spherical inside each Wigner−Seitz (WS) sphere, and a combined correction was used for the overlapping part. No empty spheres were needed to meet the minimum overlapping criteria, indicating well packed structures. The k-space integrations were performed by the tetrahedron method on a set of 1160 (for Fdd2 of I) and 1098 (for C2/c of II−IV) and irreducible k-points and a basis set with Ca-4s/ (4p)/3d, Al-3s/3p, Ge-4s/4p/(3d), Pd-5s/5p/4d, and Pt-6s/6p/5d (down-folded orbitals are in parentheses). 50 All relativistic effects (particularly important for Pt), except for spin−orbit coupling, were taken into account by a scalar relativistic approximation. 51 Crystal orbital Hamilton populations (COHPs) 52 were used to analyze the relative bond orders and covalent contributions to the overall bonding of the system. Since the COHP is an energy partitioning, negative/ positive values indicate bonding/antibonding interactions. The Fermi level in all figures is taken as the zero energy level, and the COHP curves are drawn by reversing their values with respect to the energy scale (i.e., −COHP vs E). Hence, the calculated peak values become negative for antibonding and positive for bonding interactions. The integration of COHP up to the Fermi level (ICOHP) provides an approximation of the relative bond orders in the structures.
In addition, a Bader charge analysis coded in the Vienna Ab-initio Simulation Package (VASP) 53 was used to evaluate the charge populations in the title compounds as well as the electron poorer Cd phases Ca 2 M 2 Cd (M = Pd, Pt) that adopt the orthorhombic W 2 CoB 2 -type (Immm, Z = 2) for comparison. These electronic structure calculations were carried out using the projector augmented wave method (PAW) of Blochl, 54 and then Bader effective charges were calculated. We employed the generalized gradient approximation (GGA) with exchange and correlation treated by Perdew-BurkeEnzerhoff (PBE), 55 with meshes of 5 × 3 × 9, 5 × 9 × 7, and 12 × 9 × 6 k-points for space groups Fdd2, C2/c, and Immm, respectively. The cutoff energies for the plane-wave expansions were 500 eV. 10 ). The self-consistent criterion for the energy was 0.001 meV. Wigner-Seitz radii were chosen as 1.32 Å for Ca, 1.22 Å for Pd, 1.16 for Pt, 1.40 Å for Al, 1.22 Å for Ge, and 1.58 Å for Cd. Due to the numerical procedure and averaging, the sums of these charges are not exactly zero.
■ RESULTS AND DISCUSSION
Synthesis and Crystal Structures. Ca 2 Pd 2 Ge (I) was first obtained from an equiatomic mixture of the three elements in an attempt to prepare the missing CaPdGe. After the product was identified, it could be obtained also from a stoichiometric mixture but with the ternary Laves phase, Ca 2 Pd 3 Ge, as the main impurity. 17 Ca 2 Pd 2 Ge crystallizes in an ordered Zr 2 Al 3 -type, space group Fdd2 with three independent atomic positions in the unit cell. Ca and Pd atoms occupy the Zrand the Al-type general positions (site 16b), respectively, and Ge atoms occupy the Al-type special positions (site 8a). The Zr 2 Al 3 -type has been described only in four triel compounds, M 2 Tr 3 (M = Zr, Hf; Tr = Al, Ga), and I represents only the third compound described in the ternary Ca−Pd−Ge system, which includes so far Ca 2 Pd 3 Ge 17 and CaPd 2 Ge 2 (ThCr 2 Si 2 type). 56 The second Ge compound, Ca 2 Pt 2 Ge (II), was prepared from a stoichiometric mixture by analogy to the Pd phase and, to our surprise, was found to adopt the monoclinic Gd 2 AlGe 2 (or Ca 2 Ir 2 Si) structure type, space group C2/c, with Ca and Pt atoms at Gd-and Ge-type general positions (site 8f), respectively, and Ge at Al-type special positions (site 4e). To investigate the effect of valence electron count, the Al analogues of I and II were prepared from the respective stoichiometric mixtures and found to be isostructural to Ca 2 Pt 2 Ge with Al atoms at the Ge sites. Therefore, the structure of Ca 2 Pd 2 Ge appears to be unique among the four analogous compounds. However, the two structures are clearly structurally related despite the absence of a direct group-subgroup relationship between orthorhombic Fdd2 and monoclinic C2/c space groups.
The crystal structures of the two Ge phases are illustrated in Figure 1 , emphasizing the similarities and differences between the two compounds. The most remarkable common features are linear chains of the noble metals (Pd or Pt) that are aligned parallel in either the ac-plane (I) or the ab-plane (II), to form layers of well separated metal chains. These layers are subsequently stacked along the b-or c-directions of I or II, respectively, so that the linear chains of two adjacent slabs are almost perpendicular. It is important to note that similar metal chains are observed in the related W 2 CoB 2 -type structure of Ca 2 M 2 Cd, but, here, the layers are stacked parallel to each other. In Figure 2 the stacking sequences of these layers of metal chains are illustrated. In I, the longest stacking sequence, ···ABA′B′···, is the result of an additional diagonal displacement in the ac-plane of parallel second-order layers, whereas in II a simpler ···ABAB··· sequence is observed. In this respect, I and II are related to the orthorhombic W 2 CoB 2 alternative (space group Immm), which contains similar layers of linear metal chains but stacked parallel along the c-direction with an ···AB··· sequence and a/2 displacements between adjacent layers. Hence, the main differences between the three competing structures are the stacking modes of layers formed by the metal chains and the position of the element bridging these metal chains.
Another striking difference between the linear chains in the two structures, a feature which is seemingly related to the varying stacking mode, is that the Pd chains in I are undistorted and consist of equidistant Pd···Pd atoms, whereas the corresponding metal chains in phases II−IV are pairwise distorted, resulting in short, connected {Pt 2 } or {Pd 2 } dumbbells that are separated by longer M···M contacts. The relative extent of the pairing distortion is not the same for all structures (Table 3) . Hence, the Pd−Pd distance in I (2.872 Å) is significantly longer than in elemental Pd (2.76 Å). 57 Conversely, in III, with Ge replaced by Al, a distortion of the 57 Nevertheless, compared to the Pd chains, pronounced pairing distortions are observed, and the most severe distortion is found in Ca 2 Pt 2 Al (0.22 Å), whereas in Ca 2 Pt 2 Ge the distortion is about 0.14 Å. This indicates that the distortion increases when going from Ge to Al for the same noble metal and from Pd to Pt for the same bridging element. Therefore, since the active metal Ca is unchanged in all four structures, it appears that for the same valence electron count, the distortion and its extent may be determined by the element combination within the {M 2 X} anionic framework. For comparison, in the Cd analogues Ca 2 M 2 Cd (W 2 CoB 2 -type), more enhanced pairing distortions are observed in the Pd (0.45 Å) and Pt (0.52 Å) chains. Here, the shortest M−M distances are even shorter than the sum of atomic radii; only slightly for Pd (Pd−Pd = 272.7(1) and 317.6(1) pm) but very significant for Pt (Pt−Pt = 265.9 and 318.2(1) pm). The more substantial pairing distortions in the electron poorer Cd phases are a hint that the vec may influence not only the magnitude of the distortion but also the structure selection amidst other alternatives. Of course, the preferences of the bridging elements, i.e., Cd, Al, or Ge, for certain coordination modes should also be considered for a more comprehensive analysis.
In structures I−IV, the Al or Ge atoms are located between the layers bridging the metal chains between alternating layers, whereas the Cd atoms in Ca 2 M 2 Cd are coplanar with the metal chains, bridging metal atoms in the same layer. The Ge atoms in I are distributed alternatively up and down around the Pd chains resulting in zigzag {Pd 2 Ge 2/2 } chains of alternating atoms and giving a Ge{μ 2 (η 2 :η 2 )-Pd 4 }-like coordination mode within the 3D network of {Pd 2 Ge} triangular motifs that are condensed by sharing both Ge and Pd atoms (Figure 4a ). Similar chains are "isolated" in the Na 2 CuAs-type structure like A 2 AuBi (A = Na, K) with Bi at the edges. 58 As the result of the pairing distortion in II−IV, the Ge or Al atoms are relocated face to face around metal chains at the center of the longer distances, giving a Ge(μ 2 -Pd 4 )-like coordination mode within the resulting 3D network of {M 2 X 2/2 } rhombi that are condensed through the X atoms and interconnected by the M−M contacts. In all cases, the Al/Ge atoms bridging two linear metal chains are four-connected to the M metals, resulting in strongly distorted tetrahedral coordination (sawhorse like). In I, the GePd 4 units are condensed by sharing corners in all three crystallographic directions, whereas in II− IV, the equivalent XM 4 units are condensed only along the caxis by sharing edges and further connected in the a-and b-axes through M···M contacts (Figure 4b ). The Ge−M bond distances are very similar in I (2.493 and 2.523 Å) and II (2.490 and 2.538 Å) and are also significantly shorter than the sum of the atomic radii of Pd/Pt (1.38/1.37 Å) and Ge (1.22 Å), indicating strong (covalent) bonding interactions. Comparable Ge−M bond distances (2.46 and 2.58 Å) were found in Ca 10 Pt 7 Ge 3 .
16 Similarly, the Al−M bond distances (2.510 and 2.537 Å in III and 2.497 and 2.525 Å in IV) are shorter than the sum of the atomic radii (Al = 1.25 Å). Significantly longer Al−Pd distances are found in CaPdAl (2.56 Å) and Ca 2 Pd 6 Al 10 (2.58 Å). 59 Interesting enough, similar coordination modes of Ge by Pd atoms have been observed in some tetrapalladium organometallic complexes with bridging germylene ligands, 60 in which shorter to somewhat comparable Ge−Pd distances ranging from 2.380(2) to 2.582(2) Å occur. Here, the Pd−Pd distances (2.799(2) and 2.767(2) Å) are quite close to those in elemental Pd.
As a result of the different M−X connectivities in I as compared to II−IV, the 3D open frameworks of the [M 2 X] nets create large voids with the same size (10-membered channels) but different shapes that are filled with four rows of Ca atoms (Figure 1) . Nevertheless, the close relation between the two structure types is best revealed by the Ca sublattice. The Ca−Ca distances range from 3.568 to 3.741 Å in I and from 3.557 to 3.702 Å in II, and the shrinkage of the interaction distances is roughly consistent with the different atomic sizes of Pd and Pt. Interestingly, although they are not isostructural, the Ca substructures in I and II are constructed by similar puckered 6 3 layers of Ca atoms with a chair-conformation corresponding to the shortest Ca−Ca distances (3.568−3.627 Å in I and 3.557−3.579 Å in II). These layers of 6 3 nets are stacked parallel along either the b-axis in I or the c-axis in II and connected by longer distances (3.741 Å in I and, 3.702 Å in II) to define a Lonsdaleite-related (albeit highly distorted) 3D framework ( Figure 3) . As a result, the Ca sites are surrounded by a square pyramid of five closest Ca atoms in their second coordination sphere. Since there is only one crystallographic site for Ca, the Ca@Ca 5 pyramids are, in turn, condensed by sharing the central and edge atoms in all three directions, thereby defining an open 3D network, interwoven with the {M 2 Ge} anionic network (Figure 1 ). The coordination numbers (CN) of Ca atoms are the same (10 nearest Pd/Pt and Ge neighbors) in both structures I and II.
It is always helpful to examine the coordination environments of all other atomic sites to fully clarify the structural relationships between the two systems. The Pd/Pt surrounding atoms belong to three symmetrically equivalent metal chains in both cases, a further confirmation of the close structural relationship between the two structure types ( Figure 5) . Also, the Ca−M (M = Pd, Pt) distances are generally significantly shorter than the Ca−X (Al, Ge) distances (Table 3 ). This suggests significant coordinative bonding between Ca and M metals involving the empty Ca-4s,3d orbitals and filled M-d orbitals and mainly polar interactions between Ca and Al or Ge. In I, the Pd atoms are at the center of a highly distorted bicapped square antiprism, Pd@Ge 2 Pd 2 Ca 6 (CN = 10), with the Ge atoms evenly distributed between the two basal squares that are capped by Pd atoms. The coordination of Pt in II is also similar but a less distorted bicapped square antiprism, Pt@ Ge 2 Pt 2 Ca 6 (CN = 10), with the two Ge atoms is now diagonally located at one basal square, while the second basal square consists of Ca atoms only. More severe distortions are observed in the virtually identical bicapped pentagonal antiprismatic coordination of the Ge atoms in I (M = Pd) and II (M = Pt), Ge@M 4 Ca 8 (CN = 12), and are mainly driven by the strong interactions between the apical and the basal Pd and Pt metals, respectively ( Figure 5) .
Electron Counting. Applying the Zintl−Klemm concept to the title compounds to account for their observed structures is very challenging because of the difficulty to assign a formal charge to the Pd or Pt atoms. 5, 15 In the cases of the Ge phases, the active metal Ca provides a total of four electrons, matching the requirement for each Ge atom to achieve a closed-shell configuration. At first glance, the ionic formulation 2Ca 2+ (M 0 2 Ge 4− ) seems appropriate for the expected closed shell configuration and charge optimization, but this would not explain why the two Ge phases are not isostructural although isoelectronic and why the pairing distortion is not observed in I only. Also, it does not explain the electronic flexibility of the monoclinic type, which is retained when Ge in Ca 2 Pt 2 Ge (28 ve/f.u) is replaced by the aliovalent Al in Ca 2 M 2 Al (27 ve/f.u). Moreover, the electronegativity differences (Δχ) on Pauling's scale do not support this formal oxidation state assignment because both Pd and Pt are more electronegative than Ge (χ Pt = 2.28, χ Pd = 2.20, and χ Ge = 2.01), but, by considering the Pearson absolute electronegativity (Pt: 5.60, Pd: 4.45, Ge: 4.60, and Al: 3.23 eV), 61 which is related to the chemical potential and the Mulliken electronegativity scale, Pd is less electronegative than Ge. Therefore, the structural difference between I and II may be ascribed to Δχ between the constituent elements. Furthermore, both Pd and Pt are more electronegative than Al (χ Al = 1.61 in Pauling scale), resulting in larger pairing distortions of the metal chains in III and IV. The Pearson absolute electronegativity is known to be more reliable for predicting the direction of valence electron flow when two atoms are brought together. 62 Hence, we can speculate the Ca 2 M 2 X family of compounds to be charge optimized for 28 ve/f.u and the metal chains may be undistorted only when formally neutral in charge, yielding a composite compound which consists of the Zintl phase "Ca 2 Ge" that is stuffed with metal lines. In the case of a moderate electron shortage or when the metal is more electronegative than the bridging element Ge (like Pt) or Al (like Pd and Pt), a pairwise distortion occurs as well, presumably to address the charge fluctuations.
Bader Effective Charges. As reported in Table 4 , the calculated Bader effective charges 63 clearly support the electron transfer scenario from the active metal Ca to the anionic substructure, resulting in formally cationic Ca and anionic metal chains for all compounds. The effective charge of Pt is always more negative than that of Pd. On the one hand, the effective charge of Ca is more positive in phases with Pt as compared to Pd, indicating larger electron transfer for the Pt compounds, and, on the other hand, a higher negative charge is observed on Ge in the Pd phase I than in the Pt phase II. When negative Ge is replaced by positive Al, the reverse is observed with higher positive charge on Al in the Pt phase than in the Pd compound. This indicates a larger charge separation in the Pt phases due to a significant increase of the electronegativity of Pt compared to Pd, an effect arising from greater relativistic effects in Pt. At first glance, the intuitive ionic formulation 2Ca ) may seem to be contradicted by the calculated effective charges because this is higher for Pd compared to Ge. However, oxidation states, although very effective, are a formal concept that does not imply an effective charge separation and, therefore, differs fundamentally with the physically more meaningful concept of partial atomic charges. Since strong bonding interactions exist between Pd and Ge, we can assume that the calculated effective charges correspond to a different charge partitioning between the atoms of the system than the rather arbitrary approach in the oxidation state concept. Therefore, from the electronegativity arguments that are, after all, supported by the effective charges, the atoms in the linear metal chains may be assigned formally negative oxidation states in all but one structure, Ca 2 Pd 2 Ge, for which the smallest atomic charge on the metal chain is calculated. Hence, formally zerovalent Pd becomes reasonable in I (albeit arbitrary) and is experimentally supported by the uniqueness of its structure, with undistorted Pd chains. A similar neutral oxidation state of M elements was also discussed in some related gold polyphosphides, Au 2 MP 2 (M = Pd, Tl, or Hg) 64, 65 in which the M atoms also form linear chains without pairing distortion. 64 Moreover, formally zerovalent Pd forming Kagomeń ets was also assumed in the Zintl phase, Ca 2 Pd 3 Ge. 17 At this point, we may conclude that the pairing distortion is induced by the more negative charge of the metal chains. For comparison, the effective charges were calculated for the orthorhombic Cd analogues Ca 2 Pd 2 Cd and Ca 2 Pt 2 Cd and are very comparable with the Ge phases I and II, respectively. Although the Ca charges remain similar to those in the title compounds (Table 4) , the {Pd 2 } or {Pt 2 } dumbbells which result from a more severe distortion of the metal chains are negatively charged. The Cd charge is also negative (−0.35 for the Pd and −0.17 for the Pt phase) and double going from Pt to Pd. The similarities between the effective charges of nonisostructural Cd and Ge phases are indications of a pseudomain group behavior of Cd in a negative oxidation state and are consistent with a direct relationship between a larger pairing distortion and a lower vec in the Cd compounds.
Electronic Structure and Bond Strength Analysis. The electronic structure and relative bond strength for all four structures were obtained from the TB-LMTO-ASA method to further understand their structure directing factors and the observed structural trends, as well as to gain a deeper view of the bonding characteristics, especially of the unusual metal− metal bonds. The total and partial DOS as well as COHP curves for the two Ge compounds (I and II) are represented in Figure 6 . The valence orbital mixing of all three components Ca, Pd(Pt), and Ge throughout the entire energy range is noteworthy. For both systems the bands at lowest energy are primarily contributed by Ge-4s orbitals and can be interpreted as lone pairs. Also, very strong contributions of the Ca-4s,3d orbitals to the occupied states are observed. This type of cation participation in chemical bonding is a typical feature of polar intermetallic systems and characterizes incomplete charge transfer. The Pd-or Pt-d orbital contributions to the valence band are largely dominant, but the trend is inverse above E F ; this is consistent with completely filled d-orbitals. The most striking difference between the two systems is observed at the Fermi level. For the Pd phase (I), the Fermi level is located at a deep minimum (pseudogap) of the DOS, which is an indication of overall bonding optimization and electronic stability. In contrast, for the Pt system (II), the Fermi level is at a local maximum of the DOS, which is a sign of a potential electronic instability. Such an electronic instability may be the result of the above-discussed packing frustration which prevents a larger distortion of the Pt linear chains. The Fermi level here corresponds to 28 valence electrons per formula unit (ve/f.u), and a deep well in the DOS distribution is visible around 0.62 eV below E F corresponding to roughly 27 ve/f.u. This is the situation in isostructural Al analogues Ca 2 Pd 2 Al and Ca 2 Pt 2 Al ( Figure 7 ) for which the deep wells in the DOS plots are shifted very close to E F . Nevertheless, the vec alone cannot explain the differences in electronic structures and bonding pictures for the series of structures because, on the one hand, pairing distortion of the metal chain is observed for both Ca 2 Pd 2 Al and Ca 2 Pt 2 Al and, on the other hand, for the electron richer Ge phase Ca 2 Pt 2 Ge but not for isoelectronic Ca 2 Pd 2 Ge.
Because of the deep pseudogap at E F , Ca 2 Pd 2 Ge can be viewed as charge optimized in agreement with the Zintl−Klemm concept by assuming zerovalent Pd atoms. This can be considered as a validation of the ionic description as (Ca . Obviously, because of the absence of a pseudogap at E F , a similar description is not validated for Ca 2 Pt 2 Ge which is apparently one electron rich. Since the maximum electronic stabilization is observed in I, a Peierls type mechanism of the pairing distortion of the metal chains can be ruled out. Indeed, a typical Peierls type mechanism should address electronic instability present in the undistorted chains by pairwise distortion and not the reverse (see also Figure S3 in the SI).
The electronic structures of Ca 2 Pd 2 Al and Ca 2 Pt 2 Al are also roughly consistent with electronic stabilization because the E F is very close to a pseudogap, but some unoccupied bonding levels within the anionic substructures are visible in the COHP curves, meaning that bonding is not fully optimized and the Al phases remain slightly open shell. By analogy to the complex bonding picture found in the prototype Gd 2 AlGe 2 , we can assume that these phases are probably stabilized through a combination of localized 2c-2e bonds and electron-poor 3c-2e multicenter bonding. In fact, no significant s-p orbital mixing for Ge or Al atoms is visible in the DOS plots, in agreement with its seesaw coordination geometry which is more consistent with multicenter bonding. 32 To understand the origin of the pseudogap in I, a closer look of the projected DOS shows that the Ca contribution becomes very dominant right above the Fermi level. In contrast, the Ca contribution to the DOS in II becomes really dominant only at ∼0.4 eV above E F , at ∼29 ve/f.u. This is a clear confirmation of a larger electron affinity of the anionic substructure when going from the Pd to the Pt phase. The COHP curves provide some more interesting clues regarding the charge transfer issue. In both I and II, the interactions within the anionic substructures are significantly antibonding over a large range below E F , and the overall bond optimization of the system is only realized through a combination of anion−anion (Pt−Ge and Pt−Pt) and cation−anion (Ca−Pt and Ca−Ge) interactions. In I, the maximum achievable optimization is realized at E F , resulting in a deep pseudogap, whereas in II, similar optimization is expected well below the Fermi level at about −0.624 eV (27 ve/f.u) where a deep well in the DOS distribution is noticeable.
The unfavorable antibonding interactions can be assigned to enhanced electrostatic repulsions between the Ge lone pairs and the filled d orbitals of Pd or Pt. These repulsions also explain the sharp antibonding picture around −2 eV in the COHP curves of the M−M interactions. The destabilizing effects of such repulsions are apparently compensated by increasing the Ca contributions to the overall bonding of the systems, meaning incomplete charge transfer. Hence, the largest electron transfer from Ca is observed in II and it is not favorable for the structure stability despite the optimum vec (28 ve/f.u) necessary to locally achieve closed shell configurations for all atoms. Therefore, the system reacts by a pairwise distortion of the metal chains to create some localized Pt−Pt bonds that are positioned lower in energy, well below E F , allowing the Pt chains to act as a charge reservoir. The trends in integrated values of the cumulative ICOHP of all metal−metal interactions support this argument. Indeed, from 0.99 eV for the Pd−Pd chain in I, it increases sharply to 1.76 eV on average in II within the distorted Pt−Pt chains, but in III we observed a decrease to 0.75 eV for Pd−Pd interactions, meaning that the distortion seems to compensate the electron shortage by reducing the bond order within the metal chain. Similarly, in the isoelectronic IV a cumulative ICOHP value of 1.65 eV for the Pt−Pt chains is also lower than in II, despite a stronger distortion of the metal chains. Nevertheless, the Pt−Pt bond distances are too long to be viewed as fully localized single bonds. Indeed, the Pt−Pt bond distance was calculated to be 2.46 Å, 66 very close to the shortest experimental value of about 2.463 Å. 67 The empirical bond-length bond-strength approach by Brese and O'Keef fe 68 can be used to evaluate the bond orders of these Pt−Pt contacts corresponding to approximately 0.50 and 0.34 bond valences in II, and it decreases to 0.48 and 0.26 bond valences in IV, in agreement with the ICOHP values. In fact, an examination of the band dispersion in the electronic structure of I could not reveal any degeneracy close to the Fermi level, conforming the non-Peierl's regime of the distortion (see the Supporting Information).
Furthermore, in the Al phases III and IV, the interactions within the anionic substructures are essentially nonbonding (or slightly bonding) and indicate that the electrostatic repulsions are suppressed when replacing the anionic Ge bridging elements by cationic Al atoms. Hence, in III, the interactions become antibonding well above E F , and the Ca contribution to the DOS is already dominant below E F , a result in agreement with lower charge transfer (Figure 7) . In IV, an increase of the charge transfer relative to III is noticeable because the Ca contribution becomes dominant above E F . The Al phases are slightly electron deficient, as evidenced in the DOS plot by a deep well very close to E F , which is only slightly above the bottom of the well. Therefore, the Ca contribution to the bonding, which is dictated by Δχ, is now responsible for the slight electron shortage in the Al-based compounds. It is likely that the stability of such hypoelectronic systems is realized through multicenter bonding. Indeed, because of the continuous distribution of states (no real energy gap), delocalized multicenter bonding allows significant electronic flexibility to the compound and are usually preferred over localized 2c-2e bonding when electron transfer from the active metal is not effective enough as the Δχ becomes shallow. Hence, the electronic structure and bonding features of the title compounds may provide a unique scenario illustrating a transition in bonding principles and stability mechanisms from Zintl-Klemm to Hume-Rothery regimes.
To further validate our view on the stability factors of these systems as well as the structural trends in the series, the integrated COHP (ICOHP) values up to the Fermi level are calculated for the most significant interactions and listed in Table 3 . The strongest interactions in these compounds are found between the bridging Ge or Al atoms and the metal chains; the highest values are obtained in the Pt phases II and IV. Going from Ge to Al reduces the strength of these interactions quite significantly. The second important interactions are within the metal chains and are, again, much stronger for the Pt chains. As expected, the cation−anion contributions to the overall ICOHP values of the system are higher for the Pd phases with 41.8% in I versus 35.5% in II, in agreement with higher charge transfer to Pt as compared to Pd, and when Ge is replaced by Al, these values become 42.5% in III and 38.2% in IV, indicating significant increases of Ca to the overall bonding as a result of the electron shortage.
In other words, the pairing distortion of the metal chains may be related to either the difference in atomic properties between the transition metals Pd and Pt (meaning the valence state of these noble metals) or the valence electron counts of the system. The projected DOS analysis indicates that the Pt-6s level is occupied in I at the bottom of the valence band, while in II no significant contribution of the Pd-5s is visible below the Fermi level. This can be directly related to a stronger relativistic effect in Pt, causing the s-orbital contraction. As a result, Pt atoms in II and IV are in negative oxidation states, whereas Pd in I and III are essentially neutral or weakly negative.
In fact, noble metal inclusion in some acetylide compounds is observed in A 2 MC 2 (A = Na, K; M = Pd, Pt) in which a complete charge transfer results in isolated Pd 0 or Pt 0 particles (with no direct metal−metal contact) that interacted strongly with the acetylide (CC) 2− anions. 69 Thus, the compounds are diamagnetic and semiconducting. Linearly aligned Pd and Pt metals with longer interaction distances (2.950 and 3.048 Å for Pd and Pt, respectively) were described in the series K 2 MPn 2 (Pn = P, As; M = Pd, Pt) in which they are formally cationic, acting as electron donors. 70 Hence, these findings suggest that the transition (noble) metals may be present as cationic, neutral, or anionic species, unveiling the tremendous complexity of the bonding features and crystal structures of intermetallic compounds with transition metal components.
■ CONCLUSION
Analysis of the structural features and electronic structures suggests that Ca 2 Pt 2 Ge and the Al analogues with the Gd 2 Ge 2 Al type structure are best viewed as distorted variants of the newly identified Zintl phase Ca 2 Pd 2 Ge. The COHP curves indicate significant antibonding interactions within the anionic network of the Ge phases I and II (for 28 ve/f.u) in a large range of the DOS below the Fermi level. These unfavorable interactions are compensated by the enhanced Ca−Pt and Ca−Ge bonding interactions. Thus, the structures are stabilized by a combination of anion−anion and cation− anion bonding, in which the latter contribution is a measure of the extent of charge transfer from Ca cations to the anionic substructure. In I, the stability is optimal as both the Δχ of the constituent atoms and the valence electron count are just in the right balance, but, in II, the replacement of Pd by the more electronegative Pt triggers additional charge transfer to the metal chains, resulting in electronic instability. The system reacts to this instability by a pairing distortion aiming at reducing the bond order within the metal chain in response to the charge fluctuation. Similar pairwise distortions are obtained when Ge is replaced by the Al atom, as not only is the valence electron count modified but also the relative electronegativity. The comparison with the Cd analogues Ca 2 M 2 Cd (W 2 B 2 Cotype) has permitted a broader analysis of the vec impact on the structure selection, and the packing efficiency also emerges as a critical factor. It appears that the valence electron count may control the structure selection over the related W 2 CoB 2 type alternative, in which a more severe metal chain distortion is observed and not achievable in the well packed, monoclinic Gd 2 Ge 2 Al type structure.
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